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RELATED APPLICATION DATA 
[0001] This application is based on and claims the benefit of U.S. Provisional 

Patent Application No. 60/478,480 filed on June 13, 2003, the disclosure of which is 
incorporated herein by this reference. 

STATEMENT OF GOVERNMENT FUNDING 
[0002] The United States Government provided financial assistance for this 

project through the National Science Foundation under Grant No. DMR 0221993, through the 
Army Research Office under Grant No. DAA 19-00-1-0471 and through Air Force Research 
Laboratory/SNHC under Grant No. F19628-03-C-0056. Therefore, the United States 
Government may own certain rights to this invention. 

BACKGROUND 

[0003] This invention relates generally to semiconductor materials and, more 

particularly, to direct-gap semiconductors and related alloy heterostructures based on Si, Ge 
and Sn. 

[0004] It has been known for many years — on theoretical grounds — that the 

Sn-Ge alloy system and the Si-Ge-Sn ternary alloy should have very interesting properties, 
especially as infrared devices. This has stimulated intense experimental efforts to grow such 
compounds, but for many years the resulting material quality has been incompatible with 
device applications. 

[0005] The physical properties of most semiconductor alloys are smooth 

functions of their composition, providing a very versatile tool for device engineering. Alloys 
of elemental semiconductors such as Si and Ge, and alloys of EI-V compounds such GaAs, 
AlAs, InAs, and InP, play a key role in high-speed microelectronics (see, e.g., E. H. Parker 
and T. E. Whall, Solid State Electronics 43, 1497 (1999)) and in optoelectronics (see, e.g., M. 
Quillec, in Critical Issues in Semiconductor Materials and Processing Technologies (Kluwer 
Academic Publishers, Dordrecht, Netherlands, NATO Advanced Study Institute on 
Semiconductor Materials and Processing Technologies, 1992)). In particular, the group-IV 
Ge^-Sii., system is a nearly ideal semiconductor alloy, with a lattice constant and interband 
optical transition energies that are essentially linear functions of x. See O. Madelung, 
Semiconductors—basic data (Springer, Berlin, New York, 1996). 
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[0006] An even more intriguing group-IV alloy is the Ge^-Sn^ system. 

Group-IV semiconductors are notorious for not displaying a direct band gap, which precludes 
their use as active layers in light-emitting diodes and lasers. The band gap of the Gei^Sn^ 
alloy, however, is expected to undergo an indirect-to-direct transition, since the direct band 
gap has a value of 0.81 e V in Ge and becomes negative (-0.4 eV) in gray (a-) Sn. See M. L. 
Cohen and J. R. Chelikowsky, Electronic Structure and Optical Properties of 
Semiconductors (Springer, Heidelberg, Berlin, New York, 1989). 

[0007] We previously have achieved successful formation of Gei_ x Sn x films, 

which has prompted us to undertake exploratory research aimed at synthesis of the 
experimentally unknown Si-Ge-Sn ternary analog. This ternary system offers the potential of 
band gap and strain engineering and tuning of the optical properties of the system, as 
indicated by theoretical studies conducted by Soref and Perry as well Johnson and Ashcroft 
(R. A. Soref and C. H. Perry, J. Appl. Phys. 69, 539 (1991); K. A. Johnson and N. W. 
Ashcroft, Phys. Rev. B 54, 14480 (1996). 

[0008] It is an object of the present invention, therefore, to provide device- 

quality SiArSnyGey.x-y semiconductor materials and a procedure for synthesizing such 
materials. 

[0009] Additional objects and advantages of the invention will be set forth in 

the description that follows, and in part will be apparent from the description, or may be 
learned by practice of the invention. The objects and advantages of the invention may be 
realized and obtained by the instrumentalities and combinations pointed out herein. 

■ 

SUMMARY OF THE INVENTION 

[0010] According to the present invention, there is provided a novel method 

for synthesizing device-quality alloys and ordered phases in a Si-Ge-Sn system using a UHV- 
CVD process. The method is based on precursor CVD in which growth mechanisms and 
surface kinetics are substantially different than those inherent to MBE processes to generate 
new materials that cannot be created by conventional CVD and MBE routes. 

[0011] In accordance with the invention, we have grown device-quality Sn- 

Ge-Si materials directly on Si substrates. Single-phase Si^SnyGey^ semiconductors (x < 
0.25, y < 0.11) were grown for the first time on Si via Gei. x Sn x buffer layers utilizing 
reactions of SnD 4 with SiH 3 GeH3 The Ge]. x Sn x buffer layers facilitate heteroepitaxial 
growth of the Si x S%Gey- x _,, films and act as compliant templates that can conform structurally 
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and absorb the differential strain imposed by the more rigid Si and Si-Ge-Sn materials. The 
SiH3GeH3 species was prepared using a new and high yield method that provided high purity 
semiconductor grade material. 

[0012] The crystal structure, elemental distribution and morphological 

properties of the Sii_ x . y Ge x Sn y /Gei- x Sn x heterostructures are characterized by high-resolution 
electron microscopy, including electron energy loss nano spectroscopy, x-ray diffraction and 
atomic force microscopy. These techniques demonstrate growth of perfectly epitaxial, 
uniform and highly aligned layers with atomically smooth surfaces and monocrystalline 
structures that have lattice constants above and below that of Ge. On-and-off axis reciprocal 
space maps of the (004) and (224) reflections were used to determine the strain properties of 
the layers. The data indicated that the Gei_ x Sn x buffer layers are completely relaxed with 
respect to Si (100) while the Sii- x . y GexSn y films can be either fully strained or relaxed. The 
strain of Sii- x . y Ge x Sn y can be tuned by adjusting the Sn content of the buffer layer or Si/Sn 
ratio of the epilayer. Rutherford backscattering ion channeling shows that the constituent 
elements occupy random substitutional sites in the same average diamond cubic lattice and 
the Raman shifts are consistent with the lattice expansion produced by the Sn incorporation 
into SiGe tetrahedral sites. First principles simulations predict that these materials are 
thermodynamically accessible and yield lattice constants as a function of Si/Sn 
concentrations in good agreement with experiment. An empirical model derived from 
experimental Si^Gei-* and S%Gei-y binary data also provides a quantitative description of the 
composition dependence of the lattice parameters. Spectroscopic ellipsometry of selected 
samples yields dielectric functions indicating a band structure consistent with highly 
crystalline semiconductor materials of diamond symmetry. Incorporation of Si into Sn y Gei. y 
leads to an additional reduction of the E 2 critical point, as expected based on the E2 values of 
Si and Ge. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0013] The accompanying drawings, which are incorporated in and constitute 

a part of the specification, illustrate the presently preferred methods and embodiments of the 
invention. Together with the general description given above and the detailed description of 
the preferred methods and embodiments given below, they serve to explain the principles of 
the invention. 

[0014] FIG. 1 shows the structure of the highly saturated Sii 3 Sn5Ge 4 6 alloy 

(20.3% Si, 7.8% Sn, 71.9% Ge) according to the present invention, obtained from first- 
principles optimization of all cell dimensions and atomic positions. 
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[0015] FIG. 2 shows RBS random and channeled (lower trace) spectra of a 

Sio.14Geo.80Sno.06 epilayer and a Ge 0 .96Sno.o4 buffer layer according to the invention, showing a 
highly aligned and epitaxial alloy heterostructure. The inset shows an enlarged view of the Si 
peak which channels remarkably well indicating complete substitutionality of the Si atoms in 
Si-Ge-Sn lattice. 

[0016] FIG. 3 shows: (a) RBS aligned (dotted line) and random (solid line) 

spectra of Sio.20Sno.O8Geo.72 epilayer and Sno.02Geo.9s buffer layer showing a highly aligned 
heterostructure, with the inset being a magnified view of the Si peak indicating complete 
substitutionality of Si in the Sn-Ge lattice: (b) XTEM of the entire heterostructure showing 
uniform layer thickness and snmooth surface topologies; (c) Si/Sno.02Ge 0 .98 interface; and (d) 
Sio.20Sno.osGeo.72/Sno.02Geo.9s interface (indicated by arrows) showing perfect alignment of 
(111) lattice planes. 

[0017] FIG. 4 shows reciprocal space maps for the (224) reflections of the 

Sno.02Geo.98 buffer layer and Sio.20Geo.72Sno.os epilayer. The (004) peaks are shown in the 
inset. The data show a single peak for both (004) and (224) reflections, indicating that the 
layers are completely lattice matched (the vertical and in-plane lattice parameters of the 
layers are identical). The data also indicate that the films are relaxed with respect to the Si 
substrate. For full relaxation, the epilayer peak lies on the line connecting the Si peak to the 
origin. This line passes through the center of the GeSn peak, consistent with fully relaxed 
GeSn grown on Si. 

[0018] FIG. 5 shows reciprocal space maps for the (224) and (004) Bragg 

reflections of Sno.02Geo.9s buffer and Sio.20Geo.70Sno.10 epilayer, indicating that the film is 
completely strained with respect to the buffer. 

[0019] FIG. 6 shows families of band gaps for Si x S%Gei-^ alloys for which 

the Sn and Si concentrations are adjusted so that the lattice parameter remains constant. 
Computed gaps and lattice constants were linearly interpolated between Si, Ge and a-Sn. 
Notice that we have included only the Sn concentrations achieved so far. An even wider 
band gap range would be covered with higher Sn-concentrations. 

[0020] FIG. 7 shows the Raman spectrum of Sio.13Geo.8iSno.06 showing the Ge- 

Ge, Si-Ge and Si-Si peaks. The dotted lines represent the expected peak positions for a film 
where all the Sn atoms are replaced by Ge atoms. Raman shifts are consistent with the lattice 
expansion produced by the Sn incorporation into SiGe tetrahedral sites. 
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[0021] FIG. 8 shows: (a) pseudodielectric function of Sio.20Sno.02Geo.7g 

(imaginary part - solid, real part — dashed) Interband critical points are indicated; and (b) E 2 
critical point energy for Sn y Gei_ y (circles) with a single-parameter fit based on the E 2 energies 
of bulk Ge and Sn and a small negative bowing (solid line). The E 2 energies of Si x Sn y Gei. x -y 
(squares) show an additional reduction due to incorporation of Si which can be estimated for 
10 and 20% Si (dashed, dotted) from the dependence of E 2 in Si x Gej. x (see S. Zollner, in 
Silicon-Germanium Carbon Alloys: Growth, Properties, and Applications, (Taylor&Francis, 
New York, 2002), p. 387. 

DESCRIPTION 

[0022] Previously, we have achieved the successful formation of Gei_ x Sn x 

films via UHV-CVD reactions of the gaseous S11D4 and G2H6 on Si substrates. The details of 
this work are described fully by M. Bauer, J. Taraci, J. Tolle A.V.G Chizmeshya, S. Zollner, 
J. Menendez, D. J. Smith and J. Kouvetakis, Appl Phys. Lett 81, 2992 (2002); M. R. Bauer, 
J. Kouvetakis, DJ. Smith and J. Menendez, Solid State Commun . 127, 355 (2003); M.R. 
Bauer, P. Crozier, A.V.G Chizmeshya and J. D. Smith and J. Kouvetakis Appl Phys. Lett 83, 
3489 (2003), which are incorporated herein in their entirety by this reference. According to 
the present invention, we have developed a method for preparation of Si^n^Gey.*^ alloys via 
UHV-CVD reactions of the gaseous compound SiHaGeEb with SnD 4 . 

[0023] Since no experimental data was available, computed the properties of 

SnGeSi alloys using a linear interpolation scheme. Following this approach — combined with 
deformation potential theory — we have theoretically computed the properties of strained Ge 
layers grown on relaxed Sii-x.yGexSny layers, and we found that for appropriately selected 
Si/Sn ratios the heterostructure is a direct gap Type I system with both electrons and holes 
confined in the pure Ge layers. This remarkable finding highlights the importance of 
growing Si-Ge-Sn alloys. The ternary Sn^Ge^ alloys make it possible, for the first time, 
to decouple band gap and strain, in much the same way as done with quaternary HI-V alloys. 

[0024] Decoupling bandgap and strain in group EI-V quarternary 

semiconductors has led to widespread applications of these materials. See G. A. Antypas, in 
GalnAsP Alloy Semiconductors, edited by T. P. Pearsall (Wiley, Chichester, 1982), p. 3.; A. 
R. Kost, in Infi-ared-Applications-of-Semiconductors-H (M Res. Soc„ 1998), p. 3.; A. W. 
Bett, F. Dimroth, G. Stollwerck, and O. V. Sulima, Appl. Phys. A A69, 119 (1999).R. Gaska, 
A. Zukauskas, M. S. Shur, and M. A. Khan, Proceedings of the SPIE 4776, 82 (2002). For 
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Si-based materials,therefore, the Si-Sn-Ge ternary system should have a similar impact in the 
group IV arena. 

■ 

Method for Preparing Si^Sn^Gey^ Alloys 
[0025] Our synthetic strategy for preparation of SijcS%Ge;.^ alloys is focused 

on UHV-CVD reactions of the gaseous compound SiH3GeH3 with SnD 4 . The former is a 
simple derivative of digermane, GeH^GeBb, in which one of the GeH3 groups is replaced 
with SiH3 thus forming a molecular core with direct Si-Ge bonds. H3SiGeH 3 is a stable, 
gaseous molecule with a boiling point of about 7 °C, and it is synthesized via a novel and 
high yield method outlined below: 

CF 3 S0 3 SiH 3 + KGeH 3 -» H 3 SiGeH 3 + KO3SCF3 

In addition to the high yield, which makes the H 3 SiGeH3 commercially attractive for 
semiconductor applications, this new method also provides the required high quality material 
suitable for device development and processing. R. Bauer, C. Ritter, P. Crozier, J. 
Menendez, J. Ren, and J. Kouvetakis Appl Phys. Lett 83 (9), 2163 (2003). 

[0026] Prior to growing Si-Ge-Sn we performed controlled experiments 

involving the thermal dehydrogenation of H 3 SiGeH 3 to study the deposition characteristics of 
this compound on Si(100) and thereby determine optimum conditions for growth of the target 
Si-Ge-Sn concentrations. We found that complete decomposition of H 3 SiGeH 3 occurs readily 
at 450-700°C to yield coherent SiGe quantum dots. Only partial decomposition takes place 
between 450°C and 375°C to form amorphous hydrogenated films and no significant 
decomposition was obtained at 350°C indicating that this temperature might be a reasonable 
starting point to initiate reactions of SiH 3 GeH3 and S11D4 and produce Si-Ge-Sn films. Our 
previous studies have also indicated that 350°C-250°C is an optimum temperature range for 
incorporation of Sn into tetrahedral Ge lattice sites without any phase segregation and Sn 
precipitation. 

Synthesis of H 3 SiGeH 3 
[0027] An important aspect of the successful synthesis of Sl-x-yGexSny 

alloys via our CVD process is the use of the custom prepared H3SiGeH3 as the source of Si 
and Ge atoms. The original synthesis of H3Si-GeH 3 was reported by McDiarmad et al. in 
1964. These authors used electric discharges of silane and germane to obtain small quantities 
(5% yield) of the product. The primary goal was to establish the identity of the compound 
and study key physical and spectroscopic properties. We have discovered a new and 
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practical method to prepare the compound in practical yields so that it can be utilized in 
semiconductor research and development. Our method employs inexpensive reagents and 
conventional laboratory procedures that are much easier to those described in the previous 
synthesis. Our method has afforded excellent purity material which was used to produce 
SiGe nanostructures on Si(100) via the GSMBE method and novel Si-Ge-Sn alloys via UHV- 
CVD. The compound can be adapted easily to existing CVD technologies, is an excellent 
alternative to GeFU and provides additional benefits such as low processing temperatures, 
stoichiomlcry control of the film, and homogeneous compositional distributions of the Si and 
Ge elements. This material can also be used to grow stoichiometric SiGe via a unimolecular 
ilehydro»enation as well as alloys with concentrations x < 0.50 via CVD reaction of SiH* or 

Si;Hc 

|0028] The high reactivity of H3SiGeH3 makes it uniquely suitable for the low 

temperature preparation of the desired metastable product. The reactions of the compound 
with SnD 4 proceed readily at a well define set of growth conditions via a facile and complete 
elimination of the H atoms to produce single-phase material incorporating substitutional Sn 
atoms. Preparations based on reactions of commercially available stock sources such as 
HsSiSillj and H3GeGeH3 yielded invariably polycrystalline multiphase films despite 
numerous attempts to work out suitable growth conditions for formation of pure material. 

[0029] The synthesis of KbSiGeHfe according to our method is conducted via a 

metathesis reaction between equal concentrations of KGeEb and EbSiOSOzCFs at -60° C. 
The synthetic procedure is summarized by the equation below: 

H 3 Si0 3 SCF 3 + KGeH 3 — H 3 SiGeH 3 + KSi0 3 SCF 3 

The low reaction temperature affords the product at 35-40% yield, which is much higher than 
the 20 % yield reported previously. Another major advantage of our new method is the use 
of inexpensive and readily accessible reagents such as the H3SiOS02CF3 starting material. 
This species is prepared in our laboratories almost quantitatively by a single step direct 
reaction of standard laboratory chemicals CeiisSiHs and HOSO2CF3 A possible limitation is 
the slow decomposition of H3SiOS02CF3 which tends to liberate silane over time at room 
temperature. Accordingly the compound should be used within as prepared or it must be 
stored at -25° C for the long term in order to avoid decomposition. 

[0030] A 45 mL solution of 4.00 g KGeH 3 (3.49 mmol) in diglyme was added 

dropwise over the course of 45 minutes to a 35 mL toluene solution of 9.43 g H3SiOSO?CF3 
(5.24 mmol) in a 250 mL, 3-neck round bottom flask with magnetic stir bar at -60° C. The 
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reaction flask was connected to a series of 3.U-traps, which were used to distill and purify the 
product. During the reaction several urops of the KGeH 3 /diglyme solution were added at one 
time to the flask under vigorous stirring and then the addition funnel was closed. A short 
time (10-15 seconds) later, the flask was opened to the traps and the volatiles (including the 
product which was generated almost immediately) were passed through a -78° trap to two 
traps held at- 196° C. This procedure was repeated until all of the KGeH 3 was consumed. 
After the addition was completed, the reaction flask was slowly wanned to room temperature 
under dynamic pumping through the cold traps to remove any remaining product. Pumping 
through the traps continued for an additional hour at room temperature after which the t 
contents of the traps were examined by gas-phase IR spectroscopy. The -78° C trap was 
found to contain a mixture of benzene, diglyme and toluene while the -196° traps contained 
SiH 3 GeH 3 , SiHU and GeHU. The SiH 3 GeH 3 , SfflU, GeHU mixture was fractionally redistilled 
through traps held at -130° (H 3 SiGeH 3 ) and a -196° (SiH 4 , and GeBU). The product was 
further purified to remove any residual GeH4 and gave a final yield of 35-40 % yield. 

Si-Ge-Sn Alloys 

[0031] The following examples help to further explain how we grew Si-Ge-Sn 

alloys using the method described above and demonstrate high quality of the resulting films. 
It will be understood, however, that the examples are illustrative of the process and materials 
of the invention that the invention is not limited only to these examples. 

[0032] We initially investigated the growth of Sii-x-yGexSny directly on Si 

(100) using Gei- x Sn x (x=2-4 at. %) buffer layers. We chose Gei- x Sn x alloys as buffer layers 
because they possess crystallographic, morphological and mechanical properties that make 
them uniquely suitable for use as templates on Si substrates. These materials grow as highly 
uniform, strain-free layers with smooth and continuous surface morphologies (typical AFM 
rms values are 0.5 and 1.4 nm) and display extremely low concentrations of threading 
defects, particularly those that extend to the uppermost surface (the quality of pure Ge films 
grown on Si by similar methods is much worse). In addition, they are high compressibility 
(softer) solids compared to either Si and Sii- x -yGe x Sn y and thereby can act as potential spacers 
that can conform structurally and readily absorb the differential strain imposed by the more 
rigid Si and Si-Ge-Sn. 

[0033] The Gei_ x Sn x buffer layers were grown on Si(100) via reactions of 

Ge 2 H6 and S11D4 at 350°C. The growth of the Sii- x Ge x Sn y films was conducted immediately 
thereafter, in situ, via reactions of appropriate concentrations of S11D4 and H 3 SiGeH 3 between 
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310-370 C. The reactions produced a wide range of alloys including those with compositions 

Sio.i8Sno.10Geo.72, Sio.20Sno.osGeo.72, Sio.i8Sno.065Geo.755, Sio.13Sno.O6Geo.8i, Sio.13Sno.03Geo.s4 and 
Sio.20Sno.02Geo.78. This set of compositions was derived from the well-known Sn x Gei. x (x = 2- 
10 %) alloys by substituting Ge in the Sn-Ge lattice by Si, and they are particularly attractive 
since they are readily amenable to first principles simulations using a standard 64-atom 
supercell representation Sii 2 Sn6Ge 4 6 5 Sii3Sn 5 Ge 4 6, Sii 2 Sn4Ge48, SigSn4Ge52, Si 8 Sn2Ge 5 4 and 
Sii3SniGe 50 . Table 1 shows the close correspondence between the model concentrations and 
those of the synthesized alloys. FIG. 1 shows a structural model of the high Sn content alloy 
Sii3Sn 5 Ge 4 6 (20.3% Si, 7.8% Sn, 71.9% Ge) obtained from first-principles optimization of all 
cell dimensions and atomic positions. The view is along the (110) direction. Large and small 
spheres are Si and Sn, respectively, while the Ge lattice structure is shown using gray lines 
(atoms not shown for clarity). Note the in spite of the high density of Si/Sn constituents the 
free energy of formation is only slightly metastable (10.4 meV) for the random structure 
shown. 

TABLE 1 

Comparison of "best estimates" based on ab initio calculations (see text for explanation) and 
experimental lattice constants for selected samples. Top panel: Energy, Free energy and 
lattice constants obtained from first principles LDA calculations. Bottom panel: Comparison 
of Vegard's law (VEG) and empirical formula results (LC) with experiment. Values in 
parentheses indicate % deviation from experimental Ge lattice constant (5.658 A). 



%Si 


%Ge 


%Sn 


AE(meV) 


AG 300 (meV) 


a*LDA(A) 


18.8 


71.9 


9.4 


31.0 


11.6 


5.689 (+0.5) 


20.3 


71.9 


7.8 


29.4 


10.4 


5.672 (+0.3) 


18.8 


75.0 


6.3 


23.9 


6.3 


5.663 (+0.1) 


12.5 


81.3 


6.3 


21.4 


6.4 


5.678 (+0.4) 


12.5 


84.4 


3.1 


14.7 


1.9 


5.652 (-0.1) 


20.3 


78.1 


1.6 


13.9 


-0.6 


5.619 (-0.7) 


%Si 


%Ge 


%Sn 


avEG(A) 


3lc(A) 


a£Xp(A) 


18 


72 


10 


5.700 (+0.7) 


5.712 (+0.9) 


5.684 (+0.5) 


20 


72 


8 


5.679 (+0.4) 


5.687 (+0.5) 


5.668 (+0.2) 


18 


75.5 


6.5 


5.671 (+0.2) 


5.678 (+0.3) 


5.680 (+0.4) 


14 


80 


6 


5.676 (+0.3) 


5.683 (+0.4) 


5.690 (+0.6) 


13 


84 


3 


5.654 (-0.1) 


5.656 ( 0.0) 


5.644 (-0.3) 


20 


78 


2 


5.629 (-0.5) 


5.629 (-0.5) 


5.630 (-0.5) 



[0034] The substrates were prepared using a modified RCA process followed 

by hydrogen surface passivation and the growth was conducted in the presence of large 
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concentrations of research grade H2 at 10" Torr (typical base pressure was 1x10 Torr). The 
samples were then grown by systematically adjusting the temperature, pressure and reactant 
concentrations. In all cases device quality materials with single-phase concentrations and 
random diamond cubic structures were obtained. Rutherford backscattering (RBS) in random 
mode was used to determine the bulk composition of the Gei- x Sn x /Sii-x-yGexSn y 
hetcrostructures and to estimate the film thicknc The RBS analysis revealed a two-layer 
heterostructure with thickness of 70-100 nm for . 3ii_ x _ y Ge x Sn y films and 50-100 nni for the 
Sn x Gcj. x buffer layers. The range of atomic concentrations were found to be 13-20% Si, 62- 
S5"o Ge, and 1-11% Sn (see Table 1 for selected samples). The maximum Sn content 
samples (11% -7% Sn) were deposited reproducibly between 310 and 340°C, respectively 
while at higher temperatures (350-375°C) the deposition yielded lower Sn concentrations of 6 
at. % - 1 at. %. 

|0035J FIG. 2 shows RBS random and channeled (lower trace) spectra of a 

Si^uGeosoSiio.oG epilayer and a Geo.96Sno.04 buffer layer on Si, according to the invention, 
showing a highly aligned and epitaxial alloy heterostructure. The inset shows an enlarged 
view of the Si peak which channels remarkably well indicating complete substitutionality of 
the Si atoms in Si-Ge-Sn lattice. Note that the Sn signal of the entire layer consists of two 
peaks, a narrow high-energy peak corresponding to the epilayer and the adjoining low energy 
Sn peak of the buffer layer. The Sn concentrations in each layer, as determined from the 
peak height are 6 and 4 at. %, respectively. The epilayer and buffer layer thickness as 
determined from the peak width are 45 and 115 nm, respectively. The small peak located 
next to the Si substrate signal is due to the Si in the epilayer. The Si peak is well separated 
from the substrate signal (does not appear as a shoulder, or step adjacent to the substrate) 
indicating the absence of Si in the buffer layer. 

[0036] FIG. 3 (panel a) compares random and aligned RBS spectra for a 

Sio.20Sno.osGeo.72 alloy grown on a Sno.02Geo.98 buffer layer. The high degree of He ion 
channeling found for Si, Ge and Sn confirms full substitutionality of the elements in the 
structure, and indicates the formation of epitaxial materials. This was also confirmed by high 
resolution cross sectional electron microscopy (XTEM), atomic force microscopy (AFM), 
and x-ray diffraction (rocking curves) which revealed highly aligned layers with mono- 
crystalline structures and atomically smooth surfaces. This is demonstrated in FIG. 3 (panel 
b), which shows a dark field image of the entire Sio.20Sno.08Geo.72/Sno.02Geo.98/Si 
heterostructure. In general we find that the crystallinity is superior for samples in which the 
buffer layer was annealed in situ for a short time period. The annealing step resulted in an 
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overall reduction of threading defects, particularly those terminating at the top surface. This 
provides a highly ordered and defect free interface for subsequent growth of SiSnGe. 
Remarkably for all samples, the root mean square surface roughness, as measured by AFM, is 
0.5 to 1.0 run. Referring to FIG. 3 (panel d), a high-resolution micrograph of the 
Sio.20Sno.osGeo.72/Sno.02Geo.96 interface clearly shows a commensurate and virtually defect-free 
microstructure. Micrographs of the buffer layers show that the lattice mismatch between the 
two materials is accommodated by periodic edge dislocations located at the interface, as 
shown in FIG. 3 (panel c). These are parallel to the interface plane rather than parallel to the 
growth direction as in threading dislocations, which are known to degrade the crystallinity 
and the electrical properties of the film. 

[0037] The elemental uniformity across the entire layer was investigated with 

Auger electron spectroscopy (AES), energy dispersive x-ray (EDX) and electron energy loss 
(EELS) spectroscopies with nanometer sized electron probes. The AES data revealed highly 
homogeneous elemental profiles throughout each layer of the hetero structure and showed 
sharp changes of composition across each interface. The EDX, and EELS 
nanospectroscopies showed a homogeneous distribution of Ge and Sn throughout the buffer 
layer, which is consistent with single-phase material. Analysis across the epilayer revealed 
significant concentrations of Si, and Sn and a large concentration of Ge. The constituent 
elements appeared together at every nanometer scale region probed without any indication of 
phase segregation or Sn precipitation. 

[0038] Complementary x-ray diffraction studies confirm single-phase, 

materials with an average diamond cubic structure. Rocking curves of the SiSnGe (004) 
reflection give full width at half maxima of 0.25-0.30°. The unit cell parameters obtained 
from the diffraction data are in close agreement with the theoretical values obtained from first 
principle simulations (see Table 1). The strain properties of the films have been evaluated by 
high resolution XRD measurements. Referring to FIGs. 4 and 5 as examples, the data show 
that we can obtain strained as well as relaxed and lattice-matched Si^Sn^Gei^ films on strain- 
free Sni_ y Ge y buffer layers. This is a unique property of ternary systems that can lead to 
tunable band gaps over a wide range while keeping the lattice constant unchanged. The 
possibilities are illustrated in FIG. 6, where we assume a linear interpolation between the 
lattice constants (Vegard's law) and the electronic energy gaps of Si, Ge, and a-Sn. 

[0039] The bonding environment of the Si-Ge-Sn alloys was characterized by 

Raman spectroscopy. FIG. 6 shows the Raman spectrum of a representative Sio.14Sno.06Geo.so 
sample. The spectrum is reminiscent to that of Si x Gei- x alloys, with three main features that 
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are known in the literature as the "Ge-Ge", "Si-Ge" and "Si-Si" peaks. The similarity with 
SuGei-* alloys shows that the incorporation of Sn does not alter the relative distribution of Si 
and Ge atoms in the lattice. No Sn-related vibrations are obvious in the spectra, presumably 
due to the low Sn-concentration. However, the presence of substitutional Sn is apparent from 
the measured frequencies of the Raman modes. The dotted lines in FIG. 7 show the expected 
position of the three main features in Sio.14Geo.86 alloys. See H.K. Shin, D.J. Lockwood, J.-M. 
Baribeau, Solid State Commun. 114, 505 (2000). 

[0040] Our measured values are clearly downshifted with respect to the dotted 

lines, and we can show that this is due to the lattice expansion induced by Sn. Let us 
consider, for example, the Si-Si "mode." In Si^Gei.* alloys, its frequency is given by ©si-si = 
521 - 6Sx. It has been shown by M. Melendez-Lira, J. D. Lorentzen, J. Menendez, W. Windl, 
N. Cave, R. Liu, J. W. Christiansen, N. D. Theodore, and J. J. Candelaria, Phys. Rev. B 54, 
12S66 (1997) that this can be written as: 

©si-si = 521 -49jc-455 Aa/a. (1) 

* 

[0041] The second temi in Eq. (1) represents the mass disorder contribution, 

and the third term accounts for the stretching of the Si-Si bond in Si*Gei. A alloys. See J. 
Menendez, in Raman Scattering in Materials Science, edited by W. H. Weber and R. Merlin 
(Springer, Berlin, 2000), Vol. 42, p. 55. Here Ad is the difference between the lattice 
constant of the alloy and that of Si. Since Ge atoms have very small displacements for Si-Si 
modes, we assume that their substitution for even heavier Sn atoms does not have any effect 
on the first term of Eq. (1). Hence the difference between the measured Si-Si frequency and 
the corresponding dotted line originates entirely from the second term in Eq. (1). If we 
imagine substituting 6% Ge with 6% Sn, the additional expansion of the lattice is 0.073 A, 
which leads to an additional frequency shift of -7 cm" 1 . This is in very reasonable agreement 
with the experimental value of -9 cm' 1 , particularly in view of the approximations made and 
the fact that Eq. (1) is most accurate for Si-rich alloys. Overall the Raman shifts are 
consistent with the lattice expansion produced by the Sn incorporation into SiGe tetrahedral 
sites. 

[0042] Next, we investigated the electronic band structures of Si x Sn y Gei. x . y 

using spectroscopic ellipsometry. As shown in FIG. 8, the pseudodielectric functions of such 
alloys grown using Sn y Gei_ y buffers on Si are not easy to fit, since this requires a four-layer 
model (substrate / Sn y Gei. y buffer / Si x Sn y Gei_ x . y / surface overlayer). We solve this problem 
using the dielectric functions for Sn y Gei. y determined previously. See C.S. Cook, S. Zollner, 
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M.R. Bauer, P. Aella, J. Kouvetakis, and J. Menendez, Thin Solid Films 455-456, 217-221 
(2004), which is incorporated herein by this reference. This leaves only the optical constants 
of Si x Sn y Gei. x . y and the thicknesses of the buffer, the ternary alloy, and the surface overlayer 
(oxide and/or roughness) as parameters. 

[0043] This procedure yields thicknesses comparable to those obtained by 

XTEM and reproducible dielectric functions for Si x Sn y Gei_ x . y , especially at high photon 
energies near the E 2 critical point where the penetration depth of the light is smaller than the 
Si x Sn y Gei. x . y film thickness. The dielectric function of Si x Sn y Gei_ x . y has a similar shape 
compared to that of Ge or Sn y Gei_ y , indicating highly crystalline single-phase quality and 
semiconducting character as expected for an alloy with cubic crystal symmetry. Using the 
same derivative technique as Cook, et al, we determine the E 2 energies of several Si x Sn y Gei- 
x . y samples from the dielectric function. The latter contain peaks related to interband 
transitions at different regions of the Brillouin zone. For the experimental reasons mentioned 
above, we focus on the E 2 critical point, related to transitions at and near the X-point from the 
highest valence band to the lowest conduction band. Both Sn and Si reduce E 2 compared to 
Ge (4.36 eV). The variation of E 2 in Sn y Gei_ y was determined previously (see Cook et al. and 
FIG. 8). An additional reduction of E 2 is found when adding Si. All Si x Sn y Gei_ x _ y samples 
(squares) display E 2 energies below those of Sn y Ge!_ y with the same Sn content {i.e., are 
located below the solid line). To estimate this additional reduction, we calculate E 2 of 
Si x Sn y Gei_ x . y from the values for Sn y Gei. y and Si x Gei- x determined earlier (see Cook et al.), 
assuming the same quadratic bowing for E 2 in Si x Gei. x as for E\. Within this framework, the 
E 2 energies for five different Si x Sn y Ge!_ x . y alloys are as expected for 10% and 20% Si. Small 
deviations from this model can be explained by the uncertainty in the numerical procedure 
(10-20 meV for E 2 ) and small residual stresses between the ternary alloy and the binary 
Sn y Gei. y buffer, which will lead to strain shifts of the critical points. 

[0044] Experimentally we find that the ternary SiSnGe alloys form more 

readily and exhibit greater thermal stability than their SnGe counterparts. This may be due to 
the strain equalization resulting from the opposing effects of the Si and Sn incorporation. 
These observations prompted us to explore the thermodynamic stability from a theoretical 
perspective. Accordingly, we investigate the alloys using first principles simulations in a 64- 
atom supercell representation, e.g., Sii 3 Sn 5 Ge46 (20.3% Si, 7.8% Sn, and 71.9 %Ge) in which 
the Sn and Si atoms are randomly distributed on a Ge lattice (see Table 1). Shape and 
volume optimization was carried out while fully relaxing all internal atomic coordinates to an 
accuracy of 0.001 eV/A (ultrasoft pseudopotentials were used with E cu t~350 eV and 14 
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irreducible ^-points). Elemental Si, Ge and Sn were calculated using the same procedure 
yielded the expected perfect diamond lattice symmetry with a S i=5.3894 A, ace=5.6251 A and 
asn=6.4546 A, respectively, in good agreement with experimental values (a S i=5.431 A, 
aGe=5.658 A and a Sn =6.493 A). Table 1 lists the calculated alloy lattice constants obtained by 
averaging the three super cell edge lengths (variance < 0.004 A) and the static lattice alloy 
formation energies AE = E[Si A S%Ge z ] - x E[Si] - y E[Sn] - z E[Ge], where z = 1-x-y. The 
Gibbs free energy at ambient pressure was approximated as AG(T^c,jy) ~ AE(xoO-TAS mix (x,y) 
where the last term represents the ideal entropy of mixing. Our results indicate that the low 
%Sn alloys are thermodynamically stable while the 7-8% Sn alloys are only slightly 
metastable (;z.6., k B T at 300°~25 meV). The local bonding around Si and Sn sites deviates 
from ideal (diamond) behavior indicating a significant degree of internal lattice relaxation 
even though the cell volume remains close to a Vegard law value. The values a L DA* (Table 
1) were obtained by scaling the alloy LDA lattice constants such that those calculated for Si, 
Ge and Sn match experiment. The resulting values agree with experiment to within - 0.01 A 
or 0.2% and generally track the variations in composition observed experimentally. 

[0045] This behavior can also be estimated from available data for the Si x Ge^ x 

and SiiyGej.y binary systems. For Si x Gej. x the lattice constant is known to behave as 
a SiGe (*) = "si x + a Ge 0 - *) + ^siGe x 0 - *) with 0 Si Ge = -0 .026 A, while a best fit to recent 
data for Sn y Gej. y (for %Sn < 20%) yields a SnGe (y) = a Sn y + a Ge (1 - y) + 0 SnGe y(l - y) 
w *tti&snGe = + 0 . 166 A. These coefficients can then be combined to yield the formula (LC 
in Table 1) a SiSnGe (x,y) = a Ge + A SiGe x + 0 SiGe x(l - x) + A SnGe y + 0 SnGe y(l - y) where 

A SiGe= a Si- a Ge and &SnGe= a Sn- a Ge- 

Device Applications 

[0046] The Si-Ge-Sn/GeSn heterostructures have intriguing potential in the 

areas of sensors emitters, detectors and photovoltaic technologies. One of the drawbacks of 
Si-based photodetectors is that they cannot cover the optical communication wavelength 
windows, 1310 run and 1550 nm. Germanium can barely reach the 1550 nm range, and it 
doesn't grow well on Si substrates. Therefore, many applications have to use hybrid 
integration of either GaAs or hiP based photodetectors with Si ICs. We have shown an 
order-of-magnitude increase in absorption at 1550 nm for the Sno.02Geo.98 buffer layers alone. 
This suggests that the communications range can be fully accessed by adding small amounts 
of Sn to Ge. In contrast to pure Ge, this material does grow (with device quality) on Si 
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substrates. Such a direct integration will result in a higher speed performance of the 
integrated circuits and much lower manufacturing cost. The photovoltaic potential of Si-Ge- 
Sn alloys is equally interesting. Sn,Ge Ux alloys with as little as x = 0.14 would cover more 
than 95% of the total solar irradiance. The wavelength range covered by Sii^Gei.* with x < 
0.14 also matches the emission range, of the best high-performance emitters for 
thermophotovoltaics, so that applications in this area are also likely. 

[0047] FIG. 6 implies that Si^Si/Je^ alloys represent an alternative to other 

lattice matched infrared systems, such as H&Cdj^Te (MCT). A lattice-matched system with 
variable band gap is ideal for the fabrication of multicolor detectors, which have applications 
in target discrimination, gas leakage detection, and environmental sensing. In addition, multi- 
junction photovoltaic cells matched to the source emission spectrum can be engineered. They 
can lead to dramatic efficiency improvements. Moreover, even though FIG. 6 emphasizes the 
possibilities of strain-free Sn^Ge^ alloys, strain can be introduced in a controlled way 
(unlike the MCT case) by adjusting the Si/Sn ratio in the ternary. This can lead to improved 
device performance. For example, Auger recombination rates can be manipulated by 
controlling the heavy-light hole separation in the valence band. 

[0048] The data presented above reveal that a range of device quality 

Si x Sn y Gei- x - y alloys with unprecedented Sn content have been grown and characterized. 
Ellipsometry analysis of these materials yields dielectric functions as expected for a 
crystalline alloy with cubic symmetry. Incorporation of Si into SnGe yields an additional 
reduction of the E 2 critical point, as expected based on the E 2 values of Si and Ge. High 
resolution XRD measurements indicate that lattice matched as well as strained Sni- x Ge x /Sl- 
x-yGexSny heterostructures can be obtained by tuning the lattice constant of the buffer layer 
and the epilayer. The structure-composition relationship observed agrees well with first 
principles simulations and exhibits small deviations from Vegard's law behavior. Combined 
with the previous demonstration of Gei- X Sn x films, the new ternary Sl- X - y Ge x Sn y system 
provides unprecedented flexibility for band gap and strain engineering in group-IV alloys. 
The fabrication of Gei-j-ySixSny makes it possible to decouple strain and band gap 
engineering to achieve device structures that will lead to novel photonic devices based 
entirely on group IV materials covering a wide range of operating wavelengths in the 
EEL CONCLUSION 

[0049] The above-described invention possesses numerous advantages as 

described herein and in the referenced appendices. The invention in its broader aspects is not 
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limited to the specific details, representative devices, and illustrative examples shown and 
described. Accordingly, departures may be made from such details without departing from 
the spirit or scope of the general inventive concept. 
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